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Abstract X-ray diffraction was used to study variations in 
the crystallinity of wood and the average thickness and 
length of the crystallites of cellulose as a function of the 
number of the year ring in Norway spruce [Picea abies (L.) 
Karst.]. The crystallinity increased from ring 4 to ring 10 
from the pith and was constant after ring 10. The crystallin¬ 
ity of mature wood was about 30% ± 5%. The average 
thickness and average length of the crystallites were 3.2 ± 
0.1 nm and 28 ± 2nm, respectively; and no systematic varia¬ 
tion of these values with the number of the year ring was 
observed. The mean microfibril angle decreased near the 
pith but was constant in the mature wood. 

Key words Cellulose • Crystallinity • Microfibril angle • 
Picea abies (L.) Karst. • Wood 


Introduction 

The walls of wood cells (tracheids in conifers) consist 
mainly of cellulose, hemicellulose, and lignin. Cellulose 
occurs in the helically wound reinforcing microfibrils, and 
lignin and hemicellulose serve as a gluing and stiffening 
matrix. Hemicellulose and lignin are amorphous, but cellu¬ 
lose has both amorphous and crystalline regions. Cellulose 

o 

crystallites are small. For instance, values between 25 A and 

o 

36 A for the thickness of the crystallites in Norway spruce 
and other softwoods have been reported. 2 5 The small thick¬ 
ness of the cellulose crystallites and a large portion of amor¬ 
phous material in wood make distinction of the amorphous 
background from the intensity arising from the cellulose 
crystallites difficult. This diminishes the precision of deter- 
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mining the thickness of the crystallites by X-ray diffraction 

° ° 

(XRD). Values between 65 A and 311A have been reported 
for the length of the crystallites in Norway spruce and other 

r\ /- 

softwoods. “ The accuracy of the length depends strongly 
on how carefully the instrumental broadening has been con¬ 
sidered. Furthermore, the relation of the size of the crystal¬ 
lites with, for example, growth stress and climate, has not 
been thoroughly studied. 

The crystallinity of wood is defined as the weight fraction 
of crystalline material - crystalline cellulose - in wood. 
XRD is a well-established method for determining the crys¬ 
tallinity of partially crystalline materials. 7,8 Hermans and 
Weidinger 9 conducted the first quantitative investigation 
into the crystallinity of cellulose fibers by means of XRD. 
XRD patterns of crystalline cellulose show reflections 
superimposed on a diffuse background, and the ratio of the 
sum of the relative integrated intensities and the total inten¬ 
sity provides a measure of the degree of crystallinity. 7 XRD 
has been widely applied to study the crystallinity of pulp 
and cellulose fibers (e.g., Teeaar et al., 10 Paakkari et al., 11 
Stubicar et al. 12 ), and there are also some studies on the 
relative crystallinity of wood. 2 4,6,13,14 

By means of carbon-13 nuclear magnetic resonance with 
cross polarization and magic angle sample spinning ( 13 C- 
NMR CP/MAS) it is possible to determine the intrinsic 
crystallinity of cellulose. 15,16 For pure cellulose samples the 
crystallinities that were determined by NMR and XRD 
were in good agreement. 10 The crystallinity of wood deter¬ 
mined by XRD is smaller than the crystallinity of cellulose 
determined by NMR, as the portion of lignin and hemicel¬ 
lulose affect the XRD value. 

The crystallinity has an effect on the mechanical proper¬ 
ties of cellulose fibers. 17 For instance, Young’s modulus and 
the hardness increase and flexibility decreases with increas- 
ing crystallinity. Structural studies are needed for tailoring 
the properties of wood products. It has been observed that 
crystallinity and the size of the crystallites are among 
parameters that change during thermal modification of 
wood. For example, it has been found that crystallinity 
increases with steaming treatment but decreases with heat 

I 'J 1 o 

treatment. 
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The orientation of the cellulose microfibrils in the cell 
walls of Norway spruce [Picea abies (L.) Karst.] has been 
studied as a function of the number of the year ring. 19 22 It 
has been found that the mean microfibril angle (MFA) of 
normal wood of Norway spruce decreases with the distance 
from the pith. The same samples as those used by Saren et 
al. 22 were used in our research to study variations in the 
crystallinity of wood and the size of cellulose crystallites in 
Norway spruce as a function of the number of the year ring 
by means of XRD. The fiber texture of wood complicates 
the crystallinity determination. We used solid wood samples 
that have about the same MFA for studying variations in 
the relative crystallinity with the distance from the pith. 
Absolute crystallinity values were also determined. 


Experimental 

Samples 

Early wood samples were cut in the tangential direction 
from normal wood of four Norway spruce trees, grown 
in Ruotsinkyla, Finland (lat 66°57'36"N, long 33°53'24"E) 
(Table 1). The samples were obtained at a height of 1.3m. 
The dimensions of the samples were 1.0 mm in the radial 
direction, about 15 mm in the tangential direction, and 
about 15 mm in the growth direction; and their tangential 
face was exposed to the X-ray beam. The samples were dry. 
Before the crystallinity measurements the samples were 
stored under normal room conditions for several months. 
The mean MFAs of the samples 22 are presented as a func¬ 
tion of the number of the year ring in Fig. 1. The samples 
used for crystallinity determination (Table 1) are marked 
with asterisks in Fig. 1. Two additional samples taken from 


the 4th and 10th year rings at a height of 17 m are marked 
with X’s in Fig. 1. The characteristics of the samples are 
presented in Table 1. 

Three reference samples were also prepared; they were 
obtained from the 2nd, 6th, and 21st year rings at a height of 
1.3 m. These three samples (ca. 1 g) were cut into matchstick 
size and milled (Analytical mill A-10; Kinematica, Lucerne, 
Switzerland) to fine wood powder in 60s. Heating the 
sample was avoided. Wood powder (ca. 0.1 g) was pressed 
in the shape of a tablet whose diameter was 15 mm and 
thickness 1.0 mm. For estimating the MFA of the reference 
samples, solid samples were also cut from the same-year 



Fig. 1 . Mean microfibril angle (MFA) as a function of the number of 
the year ring. Samples marked by asterisks (*) and plus signs ( + ) were 
taken at a height of 1.3 m and were used for crystallinity measurements. 
Samples marked by plus signs were also measured in powdered form. 
Samples marked by X’s were taken at a height of 17m. Samples 
marked by circles were not used for crystallinity measurements 


Table 1 . Characteristics of the measured samples 


Ring 

d 

h 

P 

F 

^ip 

(cm 2 /g) 

MFA 

Cri 

P200 

P 004 


(mm) 

(m) 

(g/cm 3 ) 

(cm’ 1 ) 

(degrees) 

(%) 

(A) 

(A) 

Tree 1 










2 

7 

1.3 

0.318 

2.36 

7.42 

22 


31.0 


4 

18 

1.3 

0.278 

2.13 

7.66 

10 

39.6 

32.8 

264 

6 

27 

1.3 

0.293 

2.30 

7.85 

9 

47.8 

31.9 

281 

10 

45 

1.3 

0.275 

1.88 

6.83 

9 



225 

14 

59 

1.3 

0.277 

2.28 

8.23 

6 

50.2 

32.0 


24 

89 

1.3 

0.283 

1.98 

7.00 

9 

47.5 

32.1 

238 

34 

114 

1.3 

0.279 

2.06 

7.38 

9 

47.6 

33.1 

302 

42 

Tree 2 

132 

1.3 

0.360 

2.28 

6.33 

9 

43.6 

32.6 

303 

4 

10 

17 

0.367 

2.52 

6.87 

14 


31.1 


10 

Tree 3 

27 

17 

0.344 

2.40 

6.98 

11 

48.0 

31.8 


6 

23 

1.3 

0.371 

2.57 

6.93 

10 

41.8 

32.6 


13 

Tree 4 

47 

1.3 

0.311 

2.62 

8.42 

9 

48.1 

31.9 


5 

13 

1.3 

0.300 

1.94 

6.47 

24 



304 

20 

62 

1.3 

0.295 

2.32 

7.86 

9 

47.1 

32.1 

301 

21 

50 

1.3 

0.307 

2.01 

6.55 

9 

48.2 

31.6 


Ring, ring 

number from 

the pith; d, 

distance from the 

pith; h, height; 

p, density; p, 

linear 


absorption coefficient; p/p, mass absorption coefficient; MFA, mean microfibril angle; Cri, rela¬ 
tive crystallinity; B 200 , average thickness of crystallites; B 00A , average length of crystallites 
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Fig. 2. Comparison of diffraction 
patterns of a solid oriented 
sample (a) and a powdered 
sample (b). Patterns were mea¬ 
sured in the symmetrical reflec¬ 
tion mode and the symmetrical 
transmission mode. Samples were 
taken from the 6th year ring. 
I(a.u.), intensity in arbitrary units 



a 20 (deg) 20(deg) 


rings as the powder samples. These solid samples are 
marked with plus signs in Fig. 1. 

X-ray diffraction measurements 

Measurements were performed with Cu Kcq radiation (2 = 

o 

1.541 A) selected by a ground and bent quartz monochro¬ 
mator (reflection 1011). The sealed Cu anode X-ray tube 
(line focus) was powered by a Siemens Kristalloflex 710 
generator (45 kV, 20 mA). The scattered photons were de¬ 
tected by a Nal (Tl) scintillation counter. The radius of the 
goniometer was 180 mm. The instrumental broadening was 
measured as the full width at half maximum (FWHM) of 
two reflections of a sample with large crystallites. In this 
case the sample was made from a mixture of lithium 
fluoride (LiF) and microcrystalline cellulose, and the 
reflections 111 (20 ~ 38.8 degrees) and 200 (20 ~ 45.1 
degrees) of LiF were used. 

For determining the crystallinity of wood, the 
diffractometer was used in the symmetrical reflection and 
transmission modes. The divergence and receiving slits 
were both rectangular (width 0.6 mm X height 6.0 mm, 
width 0.3 mm X height 6.0mm, respectively). The intensity 
was measured as a function of the scattering angle 20 by 0- 
20 scan. The angle range was 10-50 degrees and the step 
was 0.2 degree (Fig. 2). The measuring time was chosen so 
the maximum intensity was about 10000 counts, and it was 
typically 60 s per point. 

The average thickness of the cellulose crystallites was 
determined by measuring the FWHM of the reflection 200 
in the pattern measured in the symmetrical reflection mode. 
The instrumental broadening at the reflection 200 (20 ~ 
22.4 degrees) was estimated to be 0.21 degree. 

The average length of cellulose crystallites was deter¬ 
mined by measuring the FWHM of the reflection 004 in the 
symmetrical transmission mode. The divergence and receiv¬ 
ing slits were both rectangular (width 0.3 mm X height 
6.0mm, width 0.1mm X height 6.0mm, respectively). The 
angular range was 34.1-35.1 degrees, and the step was 0.04 
degree. The measuring time was chosen so the maximum 
intensity was circa 10000 counts, and the time was typically 
300 s per point. The background was assumed to be linear 


around the reflection 004, and it was determined by measur¬ 
ing the intensity at two angular ranges in which there are no 
significant reflections. The angular ranges were 32-33 de¬ 
grees and 37-38 degrees with steps of 0.1 degree. The mea¬ 
suring time was chosen so the number of counts is circa 1000 
per point. To ensure the reliability of this method, one 
sample was cut in the cross-sectional direction, and the 
reflection 004 was measured in the symmetrical reflection 
mode. The same length of the crystallites was obtained as in 
the case of the tangentially cut samples. The instrumental 
broadening at the reflection 004 (20 ~ 34.6 degrees) was 
estimated to be 0.30 degree and 0.24 degree for the trans¬ 
mission and reflection modes, respectively. 


Results 

Figure 2a presents diffraction patterns of a solid oriented 
sample and Fig. 2b the diffraction patterns of a powdered 
sample in the symmetrical reflection mode and the sym¬ 
metrical transmission mode. The measured intensities were 
corrected for sample absorption and background scattering. 
In the case of the powdered sample the difference between 
patterns measured in the reflection and transmission modes 
is smaller than for the solid oriented sample. Thus, the 
powder samples are more isotropic than the solid-oriented 
samples. 

To determine the crystallinity, the experimental intensity 
curve was presented as a linear combination of a calculated 
diffraction pattern of crystalline cellulose and an experi¬ 
mental model intensity for amorphous material in wood. 
Because cellulose crystallites are small, distinguishing the 
amorphous background from the intensity of the cellulose 
crystallites is a problem and cannot be done reliably, for 
example with Ruland’s method, which is applied for syn¬ 
thetic polymers with larger crystallites. 8 The diffraction pat¬ 
tern of crystalline cellulose was calculated on the basis of 
the unit cell of Sugiyama et al. 23 It consisted of 14 reflections 
of cellulose, which were presented as Gaussian functions. 
The most intensive reflections were chosen based on the 
structure factors of Gardner and Blackwell 24 and by calcu¬ 
lating a powder diffraction pattern from the atomic co- 
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ordinates of Gardner and Blackwell using the program 

r\ r 

PowderCell. The model was fitted to the experimental 
intensity curve of the wood sample. The fitting parameters 
were the intensities and widths of the Gaussian functions 
and a scaling factor for the amorphous background. In the 

o 

fit, 26 A was set as the lower limit for the size of the crystal¬ 
lites. The crystallinity was calculated as a ratio of the inte¬ 
gral of the fitted intensity of crystalline cellulose and the 
integral of the experimental intensity of the wood sample. 

Relative crystallinities were determined by measuring 
solid wood samples using the symmetrical reflection mode. 
Absolute crystallinities were estimated by measuring pow¬ 
dered wood samples. The absolute crystallinity was calcu¬ 
lated as a weighted mean of crystallinities determined from 
diffraction patterns measured by the symmetrical reflection 
and transmission modes. The weights one-third and two- 
thirds for the reflection and transmission data, respectively, 
were used according to Paakkari et al. 11 The absolute error 
in the value of crystallinity of wood was estimated to be 
±5%. 

When calculating the diffraction pattern for crystalline 
cellulose, only the 1/3 crystal structure was considered in 
order to reduce the number of fitting parameters. The 
model of Sugiyama et al. 23 (alga Microdictyon tenuius ) 
predicted the positions of the most intensive reflections 
better than did the models of, for example, Gardner and 
Balckwell 24 (alga Valonia ventricosa) and Nishiyama et al. 26 
(Halocynthia roretzi). The reason may be the contribution 
of cellulose I a in wood, as the position of the intensive 
reflection 200 of cellulose 1/3 of Sugiyama et al. 23 is close to 
the position of the reflection 110 of cellulose la. 23 

Sulfate lignin was chosen as an amorphous standard. 
Microcrystalline cellulose was also amorphized by ball 
milling (60h); but the sample was still partially crystalline, 
and its intensity curve did not fit an amorphous background 
as well as that of the sulfate lignin sample. Substances 
chemically close to native hemicellulose, xylan and mannan, 
tend also to be too crystalline. 27 We tried to estimate the 
portion of lignin in wood using a linear combination of 
intensities of sulfate lignin and milled microcrystalline 
cellulose as an amorphous background but failed to get 
stable values. The shapes of the amorphous patterns are too 
similar to be distinguished by fitting. The choice of amor¬ 
phous background did not affect the crystallinity value 
significantly. 

The effect of integration limits on the crystallinity were 
studied by measuring one of the powdered samples at a 
scattering angle range of 10-90 degrees in both reflection 
and transmission modes. The crystallinities determined 
from data measured by the reflection mode decreased 2%, 
and the crystallinities determined from data measured by 
the transmission mode increased 2% when the upper 
limit of integration was increased from 50 to 90 degrees. 
The increase in the upper limit of integration from 50 to 
90 degrees did not affect the weighted mean of the 
crystallinities determined by the transmission and reflection 
modes. Therefore, the integration limits were chosen to be 
from 13 to 50 degrees, in agreement with the work by 
Stubicar et al. 12 



Fig. 3. Diffraction patterns of samples from the 4th and 14th year rings 
measured in the reflection mode 



20 (deg) 

Fig. 4. Diffraction patterns of a sample from the 6th year ring mea¬ 
sured in the transmission mode, the crystalline model, and the amor¬ 
phous background 

Figure 3 presents diffraction patterns of two solid ori¬ 
ented samples measured in the reflection mode and the 
amorphous background. One was taken from the 4th year 
ring and the other from the 14th year ring. Although both 
samples have about the same MFAs, their diffraction pat¬ 
terns differ considerably. This is caused by the differences 
in the crystallinities of the samples. The sample from the 
14th year ring has greater crystallinity than the sample from 
the 4th year ring. Figure 4 presents diffraction patterns of 
one solid oriented sample measured in transmission mode, 
the crystalline model, and the amorphous background. The 
sample was taken from the 6th year ring. 

In Fig. 5 the relative crystallinity of wood (Table 1) is 
presented as a function of the number of the year ring from 
the pith. The mean MFAs of all samples are small, indicat¬ 
ing that the orientation of the crystallites is about the same 
(Fig. 1). The crystallinity increases near the pith, from the 
4th year ring to the 6th year ring. The crystallinity is then 
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Fig. 5. Relative crystallinity of wood presented as a function of the ring 
number from the pith. Measurements were made by the symmetrical 
reflection mode from solid oriented samples with the same mean 
microfibril angle 
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Fig. 6. Thickness of the crystallites presented as a function of the 
number of the year ring from the pith 


Table 2. Crystallinity of powdered samples 


Year ring 

Crystallinity (%) 


Reflection 

mode 

Transmission 

mode 

Weighted 

average 

2nd 

29.1 

20.3 

23 

6th 

32.8 

24.7 

27 

21st 

38.8 

28.2 

32 


quite constant from the 10th year ring to the 42nd year ring. 
The crystallinities of three powdered samples are presented 
in Table 2. 

The average thickness of the crystallites of the powdered 
samples was also determined to ensure that the crystallinity 
did not diminish during powdering. It was observed to be 
the same as that of the solid oriented samples. 

The average size of crystallites, B hkh was estimated from 
the widths of the reflections hkl by using the well-known 
Scherrer formula 

_ 0.91 

m Zl26»cos6» ’ 

where A20 is the FWHM of the reflection in radians. The 
effect of instrumental broadening on the width of the 
reflections was included by assuming that the shapes of both 
the reflection and the instrumental function are approxi¬ 
mately Gaussian, and the value of A20 was calculated using 
the formula 

Aid = (lb 2 - b?f (2) 

where b s is the measured FWHM of the reflection 200 or 
004, and b { is the instrumental broadening. 

The FWHM of the reflection was determined by fitting 
after subtracting the amorphous background. The Gaussian 
curve was fitted to the top of the peak for determining the 


maximum intensity and the position of the reflection. The 
values where the intensity has diminished to half its maxi¬ 
mum value were found by linear interpolation. Because the 
reflection 102 (20 ~ 20.5 degrees) is close to the reflection 
200 (20 ~ 22.4 degrees), the 20 value where the intensity 
has diminished to half of its maximum value was deter¬ 
mined only from the high angle side of the reflection. 

The FWHM of the reflection 200 was used to determine 
the thickness of the cellulose crystallites (Table 1). The 
thickness of the crystallites is presented in Fig. 6 as a func¬ 
tion of the number of the year ring from the pith. The 
thickness appears to be constant for the whole year ring 
range. The calculated average ± SD thickness of the cellu- 

o 

lose crystallites was 32 ± 0.6 A. The average length of the 

o 

cellulose crystallites was 280 A. Only the average is given, as 
the accuracy of the determination of the length of the cellu¬ 
lose crystallites by the nonfocusing transmission method is 
diminished owing to the fluctuations of the density and the 
absorption coefficient of the samples. Correspondingly, the 
accuracy of the determination of the thickness and length 

o o 

of the crystallites is estimated to be ±1A and ±20 A, 
respectively. 


Discussion 

The results for the solid and powder samples show that the 
mass fraction of crystalline cellulose in the cell wall changes 
with the ring number and distance from the pith. The crys¬ 
tallinity increases as a function of the number of the year 
ring (Fig. 5) similar to the tracheid length and the diameter 
of the cells. 21,22,28,29 Marton et al. 2 obtained similar depen¬ 
dence between the crystallinity index and the year ring 
number; but because the MFAs varied both the fraction of 
crystalline cellulose and fiber texture affected their results. 
The relative crystallinity values of the solid samples, deter¬ 
mined by the reflection mode, are clearly too high (Table 1) 
owing to the oriented fiber structure compared to the 
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crystallinities determined from the powdered samples 
(Table 2). However, these relative crystallinity results are 
correlated with the crystallinities determined using pow¬ 
dered samples. Therefore this method was chosen here 
for the set of samples with the same fiber texture. The 
crystallinities obtained using the solid samples and the 
transmission mode are close to absolute crystallinities, but 
the fitting is not easy because of the small average size of the 
crystallites and the strongly overlapping reflections (Fig. 4). 
It is crucial to have a good amorphous model and to choose 
the reflections included in the fit properly. 

The crystallinities of powdered samples varied between 
23% and 32%. The values obtained by the reflection mode 
(Table 2) are smaller than those obtained by Tanaka et al. 4 
for wood meal of Pinus densiflora using a different method 
to determine the amorphous background and a shorter 
angular range. According to Sjostrom 30 the dry weight frac¬ 
tion of cellulose in Norway spruce is 42%, and according to 
Anttonen et al. 31 it is 48%. If the weight fraction of cellulose 
was 45%, the crystallinity of cellulose would vary between 
51% and 71%. This is in good agreement with the NMR 
result for Norway spruce, 62%, found by Newman and 
Hemmingson. 16 

The average size of the crystallites did not change as 
a function of the number of year ring. However, Leary et 
al. observed for Pinus radiata that the intrinsic crystallinity 
of cellulose was almost constant in mature wood but lower 
in earlywood of the first ring. Therefore, the observed 
increase in crystallinity (Fig. 5) may be due to decreased 
lignin 32,33 content, increased cellulose content, 33 and the in¬ 
crease of the order of cellulose chains as a function of the 
year ring. 32 

o 

The thickness of the crystallites was about 32 A, which is 
consistent with the value obtained by Marton et al. 2 for 
Norway spruce grown in Syracuse, NY, USA but consider- 

O r 

ably larger than the 25 A obtained by Jakob et al. for Nor¬ 
way spruce grown in Austria. The average length of the 

o 

cellulose crystallites was 280 A, which is about twice as long 
as those reported by Marton et al. 2 and Jakob et al. 5 for 
Norway spruce. Reasons for the different results may be the 
genetic origin, the climate, and the estimation of the instru¬ 
mental broadening. The value is larger than that obtained 
earlier for a compression wood sample of Norway spruce 
(200 A), 34 Tanaka et al. 4 obtained also different lengths of 
crystallites for compression and opposite wood samples of 
Pinus densiflora. 


Conclusions 

It was observed that the crystallinity of wood increased as a 
function of the year ring near the pith and was nearly con¬ 
stant in the mature wood. No change in the average thick¬ 
ness of the crystallites as a function of the number of the 
year ring was observed. The crystallinity of wood could be 
determined reliably using powdered wood samples and 
both reflection and transmission modes. When only relative 
crystallinities are needed and the fiber texture of the 


samples is the same, it is easiest to measure solid oriented 
wood samples with the reflection mode. 

Acknowledgments The financial support of the Academy of Finland 
and the Jenny and Antti Wihuri Foundation are gratefully acknowl¬ 
edged. Dr. Bo Hording is thanked for the sulfate lignin sample and Dr. 
Kaija Jokela for assistance in data analysis. Mr. Tapio Jarvinen is 
thanked for preparing the wood samples and Mr. Antti Kelloniemi for 
assistance in the X-ray scattering experiments. 


References 

1. Booker RE, Sell J (1998) The nanostructure of the cell wall of 
softwoods and its functions in living tree. Holz Roh Werkstoff 
56:1-8 

2. Marton R, Rushton P, Sacco JS, Sumiya K (1972) Dimensions and 
ultrastructure in growing fibers. TAPPI 55:1499-1504 

3. Nomura T, Yamada T (1972) Structural observation on wood and 
bamboo by X-ray. Wood Res 52:1-12 

4. Tanaka F, Koshijima T, Okamura K (1981) Characterization of 
cellulose in compression and opposite woods of a Pinus densiflora 
tree grown under the influense of strong wind. Wood Sci Technol 
15:265-273 

5. Jakob HF, Fengel D, Tschegg SE, Fratzl P (1995) The elementary 
cellulose fibril in Picea abies : comparison of transmission electron 
microscopy, small-angle X-ray scattering, and wide-angle X-ray 
scattering results. Macromolecules 28:8782-8787 

6. Lotfy M, El-osta M, Kellogg RM, Foschi RO, Butters RG (1974) A 
mechanistic approach to crystallite length as related to cell-wall 
structure. Wood Fiber 6:36-45 

7. Alexander LE (1969) X-ray diffraction methods in polymer 
science. Wiley, New York, pp 137-197 

8. Balta-Calleja FJ, Vonk CG (1989) X-ray scattering of synthetic 
polymers. Elsevier, Amsterdam, pp 175-204 

9. Hermans PH, Weidinger A (1948) Quantitative X-ray investiga¬ 
tions on the crystallinity of cellulose fibers. J Appl Physics 19:491- 
506 

10. Teeaar R, Serimaa R, Paakkari T (1987) Crystallinity of cellulose, 
as determined by CP/MAS NMR and XRD methods. Polym Bull 
17:231-237 

11. Paakkari T, Blomberg M, Serimaa R, Jarvinen M (1988) A texture 
correction for quantitative X-ray powder diffraction analysis of 
cellulose. J Appl Crystallogr 21:393-397 

12. Stubicar N, Smit I, Stubicar M, Tonejc A, Janosi A, Schurz J, 
Zipper P (1998) An X-ray diffraction study of the crystalline to 
amorphous phase change in cellulose during high-energy dry ball 
milling. Holzforschung 52:455-458 

13. Dwianto W, Tanaka F, Inoue M, Norimoto M (1996) Crystallinity 
changes of wood by heat or steam treatment. Wood Res 83:47-49 

14. Kubojima Y, Okano T, Ohta M (1997) Effect of annual ring widths 
on structural and vibrational properties of wood. Mokuzai 
Gakkaishi 43:634-641 

15. Horii F, Hirai A, Kitamaru R (1984) CP/MAS carbon-13 NMR 
study of spin relaxation phenomena of cellulose containing crystal¬ 
line and noncrystalline components. J Carbohydr Chem 3:641-662 

16. Newman RH, Hemmingson JA (1990) Determination of the 
degree of crystallinity of cellulose in wood by carbon-13 NMR 
spectroscopy. Holzforschung 44:351-355 

17. Lee CL (1961) Crystallinity of wood cellulose fibers studies by X- 
ray methods. For Prod J 11:108-112 

18. Bhuiyan MTR, Hirai N, Sobue N (2000) Changes of crystallinity in 
wood cellulose by heat treatment under dried and moist condi¬ 
tions. J Wood Sci 46:431-436 

19. Lichtenegger H, Reiterer A, Stanzl-Tschegg SE, Fratzl P (1999) 
Variation of cellulose microfibril angles in softwoods and hard¬ 
woods: a possible strategy of mechanical optimization. J Struct Biol 
128:257-269 

20. Sahlberg U, Salmen L, Oscarsson A (1997) The fibrillar orientation 
in the S2-layer of wood fibres as determined by X-ray diffraction 
analysis. Wood Sci Technol 31:77-86 



537 


21. Saranpaa P, Pesonen E, Saren M, Andersson S, Siiria S, Serimaa R, 
Paakkari T (2000) Variation of the properties of tracheids in Nor¬ 
way spruce ( Picea abies [L.] Karst). In: Savidge RA, Barnett JR, 
Napier R (eds) Cell and molecular biology of wood formation. 
BIOS Scientific, Oxford, pp 337-345 

22. Saren M, Andersson S, Serimaa R, Saranpaa P, Pesonen E, 
Paakkari T (2001) Structural variation of tracheids in Norway 
spruce (Picea abies [L.] Karst.). J Struct Biol 136:101-109 

23. Sugiyama J, Vuong R, Chanzy H (1991) Electron diffraction study 
on the two crystalline phases occuring in native cellulose from an 
algal cell wall. Macromolecules 24:4168-4175 

24. Gardner KH, Blackwell J (1974) The structure of native cellulose. 
Biopolymers 13:1975-2001 

25. Kraus W, Nolze G (1996) Powder cell - a program for the repre¬ 
sentation and manipulation of crystal structures and calculation of 
the resulting X-ray powder patterns. J Appl Crystallogr 29:301-303 

26. Nishiyama Y, Langan P, Chanzy H (2002) Crystal structure and 
hydrogen-bonding system in cellulose Jfi from synchrotron X-ray 
and neutron diffraction. J Am Chem Soc 124:9074-9082 

27. Ahtee M, Hattula T, Mangs J, Paakkari T (1983) An X-ray diffrac¬ 
tion method for determination of crystallinity in wood pulp. Paperi 
ja Puu Papper och Tra 8:475-480 


28. Sanio K (1872) Ueber die Grosse der Holzzellen bei der gemeinen 
Kiefer (Pinus sylvestris) (in German). Jahr Wissenschaft Bot 
8:401-420 

29. Olesen PO (1982) The effect of cyclophysis on tracheid width and 
basic density in Norway spruce. For Tree Improv Arbor Hprsholm 
15:1-80 

30. Sjdstrom E (1993) Wood chemistry, fundamentals and applica¬ 
tions, 2nd edn. Academic, San Diego, p 249 

31. Anttonen S, Manninen AM, Saranpaa P, Kainulainen P, Linder S, 
Vapaavuori E (2002) Effects of long-term nutrient optimisation of 
stem wood chemistry in Picea abies. Trees 16:386-394 

32. Leary GJ, Morgan KR, Newman RH (1987) Solid state carbon-13 
nuclear magnetic resonance study of Pinus radiata wood. Appita 
30:181-184 

33. Panshin AJ, de Zeeuw C (1980) Textbook of wood technology, 
structure, identification, properties, and uses of the commercial 
woods of the United States and Canada, 4th edn. McGraw-Hill, 
New York, p 267 

34. Andersson S, Serimaa R, Torkkeli M, Paakkari T, Saranpaa P, 
Pesonen E (2000) Microfibril angle of Norway spruce [Picea abies 
(L.) Karst.] compression wood: comparison of different measuring 
techniques. J Wood Sci 46:343-349 



